We have developed a secondary-cavity self-injection feedback locking system to simultaneously reduce the linewidths of over 39 filtered individual channels of an InAs/InP quantum-dot coherent comb laser from a few MHz to less than 200 kHz.
Introduction
The enormous growth of internet data traffic imposes new challenges on the telecommunication industry to require advanced photonics components for new generation optical networks. Semiconductor-based coherent comb lasers (CCLs) are very attractive laser sources owing to their compactness, low cost, high repetition rates, low noise and high power performance [1] . Narrow linewidth is an essential requirement for CCLs to be used in high data rate coherent communications since phase noise impacts signal noise by the coherent detection process, and the maximum data rate is determined by the ratio of signal power to noise power. Thus, CCLs for terabit coherent transmission systems require linewidths of a few hundred KHz or less [2] . Most recently we have demonstrated InAs/InP quantum-dot (QD) CCLs with repetition rates from 10 GHz to 437 GHz and a total output power up to 50 mW at room temperature [3] [4] [5] . We have investigated relative intensity noise (RIN), phase noise, RF beating signals and other parameters of both filtered individual channels and the whole CCLs [6] [7] . Unfortunately, the filtered individual channel of QD CCLs generally exhibit optical linewidths of the order of MHz [6] [7] [8] . As a consequence, those CCLs are not satisfactory for Tbit/s (and higher) coherent networking systems. In this paper, we have developed a secondary-cavity self-injection feedback locking (SIFL) system to simultaneously reduce the optical linewidth of each filtered individual wavelength of an InAs/InP QD 25-GHz C-band CCL from a few of MHz down to less than 200 KHz over 39 channels.
2. InAs/InP QD CCL, experimental set-up, results and discussions Figure 1 shows a schematic of the InAs/InP QD CCL. The InAs/InP QD laser samples were grown by chemical beam epitaxy (CBE) on exactly (100) oriented n-type InP substrates. The more detailed QD growth information was published in the reference [9] . This sample was fabricated into single lateral mode ridge waveguide lasers with a ridge width of 1.8 m, and then cleaved to form a F-P laser cavity of length of 1693 m. The laser was driven with an ultra-low-noise battery powered laser diode driver, and tested on a temperature controlled heat sink. The performance of the QD CCL was characterized using an optical spectrum analyzer (Anritsu MS9740A), a 50 GHz PXA signal analyzer (Keysight Technologies Model N9030A), an 45 GHz IR photodetector (New Focus Model-1014), an OE4000 automated laser linewidth / phase noise measurement system (OEWaves Inc.), an Agilent N4371A relative intensity noise measurement systems and power meters (ILX Lightwave FPM-8210H). Fig.3 show that the optical linewidth of each individual channel is from 920 kHz to 4.51 MHz, which is not good enough for terabit/s and beyond coherent optical networking systems. In order to narrow the optical linewidth of each individual channel of the QD CCL, we have developed an external secondary-cavity self-injection feedback locking (SIFL) system, which schematic is shown in Figure 4 . In Figure 4 the laser output from the front facet of the QD CCL is optically coupled to an anti-reflection (AR) coated lensed polarization-maintaining (PM) single-mode (SM) fiber followed by a twostage optical isolator to prevent any reflection back to the laser cavity from the measurement system. The output from the back-facet of the QD CCL is optically coupled to another AR-coated lensed PM SM fiber connected to port 1 of a PM optical circulator (OC). The output from the port 2 of the PM OC connects with a PM variable optical attenuator (VOA). The output of the PM VOA connects with the port 3 of the PM OC. The circulating light is then reinserted back to the QD CCL cavity through port 1 and the AR coated lensed PM SM fiber. The above design provides an external optical cavity that is weakly coupled to the QD laser where the degree of feedback is controlled using a VOA (1%-99%). This secondary PM fiber cavity, with a cavity length more than a few thousand times longer than the cavity length of the QD CCL, functions as a high finesse ultra-narrow filter. In this case the laser power is accumulated inside the cavity providing feedback for laser locking and leading to significant narrowing of the emitted laser spectrum. Reduction of the laser linewidth more than an order of magnitude is demonstrated as shown in Figure 3 (blue points / curve). Figure 3 shows the measured optical linewidth of each filtered channel from our 25-GHz C-band QD CCL versus channel wavelength from 1537.55 nm to 1545.14 nm at 380 mA and 20°C. The results in Fig. 3 indicated the optical linewidth values of each individual channel are from 920 kHz to 4.51 MHz and from 12 kHz to 198 kHz without (red points / curve) and with (blue points / curve) the secondary cavity SIFL system over 39 channels, respectively. The QD CCL with the secondary-cavity SIFL system shows a remarkable reduction in the optical linewidth of all individual channels. All of the channels from 1537.55 nm to 1545.14 nm originally had optical linewidths above 920 kHz and are now well less than 200 kHz, varying from 1.3% to 4.4% of the original, with feedback. We have also measured the relative intensity noise (RIN) values of each individual channel with and without the secondary-cavity SIFL system, and have observed no significant change in the frequency range from 10 MHz to 20 GHz. Figure 5 give a graphical comparison of the phase noise from two filtered single channels for an optimized driven laser with and without the secondary cavity SIFL system from a QD 25-GHz C-band CCL at 380 mA and 20°C. The phase noise spectra clearly indicate that by using our developed secondary cavity SIFL system we can significantly reduce their phase noise in the high frequency range above 2 kHz, and low frequency (< 2kHz) phase noise does not improve much. Figure 6 shows normalized RF beating signal spectra with and without the secondary 
